Only limited information is available concerning the effects of low-shear modeled microgravity (LSMMG) on cell function and morphology. We examined the behavior of Saccharomyces cerevisiae grown in a high-aspectratio vessel, which simulates the low-shear and microgravity conditions encountered in spaceflight. With the exception of a shortened lag phase (90 min less than controls; P < 0.05), yeast cells grown under LSMMG conditions did not differ in growth rate, size, shape, or viability from the controls but did differ in the establishment of polarity as exhibited by aberrant (random) budding compared to the usual bipolar pattern of controls. The aberrant budding was accompanied by an increased tendency of cells to clump, as indicated by aggregates containing five or more cells. We also found significant changes (greater than or equal to twofold) in the expression of genes associated with the establishment of polarity (BUD5), bipolar budding (RAX1, RAX2, and BUD25), and cell separation (DSE1, DSE2, and EGT2). Thus, low-shear environments may significantly alter yeast gene expression and phenotype as well as evolutionary conserved cellular functions such as polarization. The results provide a paradigm for understanding polarity-dependent cell responses to microgravity ranging from pathogenesis in fungi to the immune response in mammals.
Understanding the effects of microgravity on the functions of eukaryotic and prokaryotic cells is important for the safety and health of astronauts during spaceflight. Mechanisms through which cells sense gravity and adapt in its absence address fundamental questions regarding the evolution of terrestrial life and general mechanosensory responses in living organisms. However, spaceflight studies are technically difficult and expensive. Fortunately, low-shear fluid dynamics (referred to as simulated microgravity or low-shear modeled microgravity [LSMMG] ), a key aspect of the microgravity environment, can be modeled in specialized ground-based bioreactors. One such bioreactor called the high-aspect-ratio vessel (HARV) was used in this study (49) . The HARV is a constantly rotating culture vessel that is typically used for suspension culture and tissue growth (21, 29, 41) . Yeast cells are inoculated into the vessel, and all air bubbles are removed. The cells suspended within the culture medium do not settle but, rather, revolve around a horizontal axis, continuously falling through the fluid at 1 ϫ g under terminal velocity conditions. The cells are not agitated but move sufficiently enough in the HARV to allow for the ample exchange of dissolved gases through a permeable membrane in the device and the exchange of nutrients and wastes in the medium within the vessel. In addition, the system randomizes the unidirectional pull of gravity and minimizes turbulence (shear), altering the net effect of gravity on the cells by creating a state of "functional weightlessness" (21, 29, 41) . The bioreactor does not remove the force due to gravity, but, rather, the gravitational vector present in the rotating device is averaged over time to near zero (vector-averaged gravity) to simulate low-gravity conditions (29) . Thus, the HARV can be used to examine the physiological behavior of cells in a fluid environment under altered inertia, i.e., low shear, to provide insights into how gravity affects biological systems. HARVs have been used to mimic the effects of the spaceflight environment on various cellular functions (22, 33, 40) and to model the progression of infectious diseases in low-shear environments (10, 40, 41) .
Microgravity and the related low-shear stress environment may have a role in the regulation of gene expression, physiology, and pathogenesis (17, 24, 37) . Previous studies from both in-flight and ground-based LSMMG experiments described a shortened lag phase (36), a prolonged exponential phase (28) , altered secondary metabolite production profiles (16) , and enhanced pathogenesis with increased resistance to general stress in bacteria such as Salmonella enterica serovar Typhimurium (40, 42) and Escherichia coli (33) .
Saccharomyces cerevisiae, because of its well-defined genetic system, robust viability, and ease of handling, is an ideal model organism for studying the effects of spaceflight conditions on eukaryotic cells. We previously found that global gene expression mediated by the Msn2/4p transcriptional activators that act on stress response promoter elements is altered in S. cerevisiae in response to short-term (180 min) exposure to LSMMG (22) . However, phenotypic changes associated with the altered genetic response to LSMMG have not been described.
The objective of this study was to determine S. cerevisiae phenotypic and underlying genetic responses due to growth in LSMMG. We hypothesized that altered gene expression in cells grown in LSMMG would result in changes in the yeast phenotypic and functional characteristics that could be identified and measured by conventional microscopic and fluorescent staining techniques. The results from this study will extend our current knowledge on eukaryotic cell function and behavior in low-shear environments and will provide a paradigm for understanding the effects of weightlessness in humans during space explorations.
MATERIALS AND METHODS
Strains and growth conditions. S. cerevisiae BY4743 homozygous diploid MATa (his3⌬1 leu2⌬0 met15⌬0 ura3⌬0)/MAT␣ (his3⌬1 leu2⌬0 met15⌬0 ura3⌬0) strain (Invitrogen, Carlsbad, CA), the parental strain of the yeast strain used to construct the systematic mutant collection of the Yeast Genome Deletion Project (www.yeastgenome.org), was used throughout this study. Overnight cultures of yeast cells (optical density at 600 nm [OD 600 ] of 1.0 to 1.5), previously propagated from a single yeast colony and incubated at 30°C on a roller drum, were inoculated (diluted to 1:10,000) into fresh synthetic complete medium (0.67% [wt/vol] yeast nitrogen base without amino acids, 0.3% [wt/vol] complete amino acid drop-out mix [1] , 2% [wt/vol] glucose)and aseptically loaded into sterile HARVs. The test (LSMMG) and control (1 ϫ g) HARVs were incubated at 30°C and were rotated either vertically (with the vessel parallel to the gravitational vector) or horizontally (with the vessel perpendicular to the gravitational vector), respectively. Microscopic examinations for the presence of bacterial or fungal contaminants were performed routinely to ensure culture purity.
Growth curve generation. Overnight cultures of yeast cells (OD 600 of 1.0 to 1.5), previously propagated from a single yeast colony and incubated at 30°C on a roller drum, were diluted (1:100) into fresh synthetic complete medium, aseptically loaded into control and test HARVs, and simultaneously incubated at 30°C. Cell density was determined periodically by measuring the OD 600 . The doubling time (generation time) was calculated from the data points, which indicated that cell density increased linearly (between 150 and 460 min) on the growth curve. The post-diauxic shift (51) was identified by using a glucose assay kit (Sigma, St. Louis, MO) to determine the amount of glucose depleted in the samples.
Cell size. Cell volume was calculated by measuring cell dimensions (width and length) and by assuming that the cells were prolate ellipsoidal with smooth surfaces (43) . For overall population cell size measurements, 100 cells consisting of individual budded (n ϭ 50) and unbudded (n ϭ 50) cells were examined for each sample point. For the daughter cell measurements, 100 buds that were at least half the size of the mother cell were scored. The overall population cell size data were reported as the means Ϯ standard errors (SEs) calculated from three replicate samples measured three independent times for control or LSMMG samples.
Budding pattern. BY4743 is a diploid MATa/MAT␣ yeast strain with a bipolar budding pattern with bud scars typically clustering at both poles (Fig. 1A, cell 5) . We observed cells with bud scars clustered predominantly at one pole but with at least one scar located at the opposite pole (Fig. 1A, cell 4) or where cells had a space between the individual bud scars (Fig. 1A, cell 2) ; we also observed cells with bud scars that were not located at the tips of the cells (Fig. 1A , cell 3) but were adjacent to a birth scar. Each of these geometric locations has been observed in wild-type strains of S. cerevisiae (11) . Thus, these clustering types were classified as normal budding populations. We utilized the fluorescent dye calcofluor white M2R (catalog no. L-7009; Molecular Probes, Carlsbad, CA), which targets the chitin-rich area (i.e., bud site regions) on the yeast cell wall with a high degree of specificity (44) , to evaluate the budding patterns of yeast cells. Cells were pelleted by centrifugation (3,000 ϫ g for 3 min at 23°C), resuspended in 500 l of distilled H 2 O and divided into two 100-l aliquots. One of the aliquots was fixed with 3.7% formaldehyde, followed by a 10-min incubation at 30°C. Each aliquot was washed twice with phosphate-buffered saline (8 g/liter NaCl, 0.2 g/liter KCl, 1.44 g/liter Na 2 HPO 4 , 0.24 g/liter KH 2 PO 4 ) and then resuspended in 100 l of phosphate-buffered saline. Calcofluor white was added to a final concentration of 25 M and visualized by epifluorescence microscopy as described by Pringle (44) . Cells with medial budding sites were scored as random budding. For each sample, at least 200 cells with at least three bud scars were counted from at least four separate microscopic fields. The percentage of random budding cells was determined for each sample. The data are reported as the means Ϯ SEs calculated from three replicate samples taken at three different times.
Determination of cell viability. FUN1 yeast viability stain (catalog no. F-7030; Molecular Probes) was used, according to the manufacturer's instructions, to determine the metabolic activity of cells and to differentiate between live and dead cells. For each sample, the cell density was adjusted to 1 ϫ 10 8 cells/ml, and FUN1 was added to a final concentration of 20 M. The samples were examined with a confocal scanning laser microscope (Leica Microsystems, Wetzlar, Germany). Cells with clear fluorescent intravacuolar structures were scored as live or metabolically active. Cells that lacked these structures and that had diffuse green or yellow fluorescence were counted as dead or metabolically inactive. At least 500 cells from five separate microscopic fields were counted for each sample. Results are expressed as the mean Ϯ SE of three replicate samples measured three independent times for each control and LSMMG.
Cellular aggregate measurements. For mother-daughter cell separation studies, the percentage of cells connected to five or more individuals was counted in a hemacytometer using a bright-field microscope. At least 300 cells were scored from 10 separate microscopic fields. Similarly, the population of cells in aggregates and cells that were connected by chitin were counted in samples treated with 3.7% formaldehyde and stained with Calcofluor White. Results are reported as the mean Ϯ SE calculated from three replicate samples measured three independent times for control or LSMMG samples.
Culturing and RNA preparation. During logarithmic (OD 600 of 1.0) and stationary (OD 600 of 2.2) growth phases, the LSMMG and control cells were harvested by centrifugation (5,000 ϫ g for 5 min at 24°C), and the pellets were stored at Ϫ80°C until used. RNA was isolated from the yeast pellets via the hot phenol-glass bead method (3) . The quality of the recovered RNA was assessed by gel electrophoresis, and the yield was determined by measuring the OD 260 .
Real (Table  1) . Fragments were amplified by incubation at 50°C for 30 min (reverse transcription); 94°C for 2 min (pretreatment);and 40 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 90 s, followed by a final extension at 72°C for 5 min. QRT-PCR was performed on RNA samples from three independent replicate experiments for each data point, and the relative expression levels were quantified by the 2 Ϫ⌬⌬CT method (5). Briefly, the threshold value (C T ) value of PDA1 (encodes the El␣ subunit of the pyruvate dehydrogenase complex) was subtracted from that of the gene of interest to obtain a ⌬C T value. The ⌬C T value of a control sample (i.e., sample at 1 ϫ g) was subtracted from the ⌬C T value of an LSMMG sample to obtain a ⌬⌬C T value [⌬⌬C T ϭ ⌬C T (LSMMG) Ϫ ⌬C T(control) ]. The gene expression level in LSMMG for each primer set relative to the control was expressed as 2 Ϫ⌬⌬CT and was reported as the relative difference in expression (n-fold) of cells in LSMMG versus the control. We chose PDA1 as an internal standard for normalization because it is a more suitable internal standard for QRT-PCRs for both exponentially growing and stationary cells than the commonly used ACT1 gene (57) . We confirmed that PDA1 gene expression was not affected by LSMMG by comparing its expression level to that of GRS1, a gene previously used as a standard for gene expression analysis in LSMMG (22) . We found no statistical difference between the expression levels of GRS1 and PDA1 in four independent experimental samples (data not shown).
Gene selections for QRT-PCR. For gene expression studies we chose eight genes involved in the budding and cell separation processes (Table 2) . Genes RAX1 and RAX2 encode functionally characterized budding proteins that regulate the establishment and/or maintenance of the cortical landmarks specific for bipolar budding (20, 25) . We chose BUD5 because it is involved in the establishment of polarity during budding and because it is required for both axial and bipolar budding patterns (8, 26, 27) . BUD25 also typifies the 22 genes identified by Ni and Snyder (39) that have a role in determining the bipolar budding phenotype. Deletion of any of these four genes results in cell clumps in diploid yeasts (15) . Genes DSE1, DSE2, DSE4, and EGT2 encode glucanases and are responsible for cell separation cleavage at the mother-daughter cell juncture. Deletion of any of these four genes results in cell clumps in diploid yeasts (15) .
Statistical analysis. Statistical comparisons were made with a one-way analysis of variance test by using Minitab (version 13.3; Minitab, Inc., State College, Pa.) software, and the differences were reported as significant for P values of Յ0.05.
RESULTS

Growth kinetics in LSMMG.
There were no statistically significant differences between the growth rates in control and LSMMG cultures, with a doubling time of 95 Ϯ 5 min for both conditions ( Fig. 2A) . However, the lag phase of cells grown in LSMMG was shorter than that of the control cells by approximately 88 Ϯ 7 min ( Fig. 2A) with a slightly higher final density (P Ͻ 0.05). From the growth curve, we determined that an OD 600 of 0.5 corresponded to exponential growth, an OD 600 of 1 corresponded to late-exponential growth, an OD 600 of 1.5 corresponded to early-stationary growth, and an OD 600 of 2.2 corresponded to late-stationary growth.
Cell viability in LSMMG. Both control and LSMMG samples were examined at logarithmic, late-logarithmic, early-stationary, and late-stationary growth phases. The mean population of dead cells in the microgravity condition was higher than in control cells during the late stages of growth (Fig. 2B ), but these differences were not statistically significant (P ϭ 0.05).
The effect of LSMMG on cell size. There was no significant difference in the size of individual cells over the course of growth under control and LSMMG conditions (Fig. 2C) . Excessive apical or isotropic growth can cause abnormal morphology characterized by either highly elongated or spherical buds, respectively (45) . If growth is completely undirected, then bud enlargement ceases, and large, round unbudded mother cells are observed (45) . Based on the cell dimensions, there were no such irregularities in overall cell shape or size (Fig. 2C ) or budding populations (data not shown) under either LSMMG or control conditions. Effect of LSMMG on budding pattern. We observed cells with an atypical, nonpolar pattern (Fig. 1, cells 6 to 10) that we classified as a random budding population (the criteria used for normal budding population are described in Materials and Methods). Under LSMMG conditions, the percentage of the random budding cells was more than double that found in the control cells during the early-stationary and late-stationary phases (Fig. 1B) .
Effect of LSMMG on cell clumping. Cell samples from LSMMG cultures had more clumps of five or more yeast cells (Fig. 3B ) than did the control samples (Fig. 3A) . The differences between control and LSMMG cells were most obvious in the late-logarithmic growth phase, during which ϳ5% of the LSMMG cell population was found in multicellular aggregates, whereas no such clumps were observed in the control cultures (Fig. 3C) . During early-stationary growth, there were 10 times as many clumps in the LSMMG cultures as in the control 
a Data are the means Ϯ SE from three independent replicate experiments for control cells versus cells grown in LSMMG. D, down-regulation; U, up-regulation; NC, no change (the difference is statistically equal to 0).
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on September 7, 2017 by guest http://aem.asm.org/ culture, with the percentage of the cellular aggregates decreasing from 15% to 5% during the late-stationary phase. These cellular aggregates contained metabolically active live cells (not shown) with a normal distribution of chitin, based on calcofluor white staining (not shown). Following treatment with 3.7% formaldehyde, the cellular aggregates broke down into chains composed primarily of 3 to 4 cells (Fig. 4A) . Quantitatively, the differences in the percentage of aggregated cells were the greatest between the two gravity conditions during early-stationary phase growth, with 29.5 Ϯ 4.9% and 10.9 Ϯ 1.6% in LSMMG and the control cultures, respectively, followed by a decrease to 11 Ϯ 0.5% and 4 Ϯ 2% in these cultures, respectively (Fig. 4B) . Of the aggregated cells, 60 Ϯ 10% of the cells in LSMMG cultures and 40 Ϯ 12% of the cells in the control cultures were connected via chitin. Daughter cells could be linked to either opposite (Fig.   4A, cell 1) or the same (Fig. 4A, cells 3 and 4) poles of the mother cells or to random positions on mother cells (Fig. 4A , cell no. 2 and 5).
Gene expression analysis. We examined four genes related to budding pattern-RAX1, RAX2, BUD5, and BUD25-and four genes that are responsible for the cell separation-DSE1, DSE2, DSE4, and EGT2. Expression levels of all four genes associated with budding (BUD5, BUD25, RAX1, and RAX2) and three of the four genes associated with cell separation (DSE1, DSE2, and EGT2) were significantly affected by growth in LSMMG ( Table 2) . Seven of eight genes displayed changes in expression of close to twofold or more. Expression of BUD5 and BUD25 under LSMMG conditions was consistently higher than the control, and expression of RAX1, RAX2, DSE1, DSE2, and EGT2 under LSMMG conditions were no more than half that observed in the controls.
DISCUSSION
The ability of laboratory-based bioreactors, e.g., HARV, to mimic the low-shear conditions present during spaceflight provides an inexpensive and rapid means to study the effects of low-shear environments on microbial cell function. In terms of growth kinetics, we found no difference in the doubling time but a shorter lag phase (by approximately 90 min) and a slightly higher concentration yield relative to the control cells. These results and the random budding data are consistent with most of the spaceflight studies performed on microorganisms (28, (34, 35) postulated that the altered microbial growth kinetics in space resulted from anomalous mass transfer processes due to the low fluid shear environment of weightlessness. They suggested that the increased accumulation of cellular by-products in the microenvironment surrounding the cells may trigger a rapid response for growth that results in a shorter lag phase and that the higher final cell density may result simply from a more even distribution of cells in the low-shear microgravity of space (34, 35) . In this study we found, however, that the overall metabolic activity of cells in LSMMG and control cells was similar throughout the experiment (Fig. 2B) . Thus, differences in overall metabolic activity are not sufficient to explain the phenotypic and genetic changes we observed. The frequency of aberrant budding patterns in cells growing under LSMMG conditions (LSMMG, 20 Ϯ 2.5%; control, 8.3 Ϯ 0.5%) increased even though there were no significant changes in cell volume, shape, or metabolic activity. These observations are consistent with those from previous in-flight experiments in which there were more randomly distributed bud scars in the experimental (17%) than in the ground-based control (5%) cells but no differences in growth rate or volume (56) . The abnormal distribution of bud scars may be an indirect result of alterations in cytoskeletal organization (19) , such as those observed during spaceflight experiments with human epidermoid cells (46) and lymphocytes (14) . However, the authors of the previous studies did not determine if the abnormalities in the cytoskeleton of these cell types occurred because of the hypergravity experienced during the launch of the space shuttle or because of their subsequent exposure to microgravity.
We observed no abnormalities in the volume or shape of cells grown in LSMMG compared to the controls, which is consistent with normal polarized growth. Thus, we hypothesize that the random budding pattern in LSMMG cells may result from changes in the expression of genes with roles in upstream budding processes such as bud site selection and polarity establishment. There were significant differences in expression levels of all genes involved in polarity establishment (BUD5) and bipolar budding phenotype (RAX1, RAX2, and BUD25) ( Table 2 ). In a study by Ni and Snyder (39) , a deletion of a previously uncharacterized gene, which was termed BUD25, resulted in a random budding phenotype. In our study, enhanced expression of BUD25 in LSMMG compared to the control initially appears to be counterintuitive. It is not, however, unusual for a gene deletion or overexpression to result in a similar phenotype in the yeast as random budding phenotype can occur in both BUD5 deletion (www.yeastgenome.com) and overexpression (27) mutants. RAX1 and RAX2 encode transmembrane proteins that mark nascent budding sites in a bipolar-specific manner (13, 20, 25, 59 ). Significant reduction in the expression of both RAX1 and RAX2 in experimental cells is consistent with the aberrant budding phenotype. Identification of the upstream regulators of RAX1 and RAX2 might provide important clues to the signaling pathways involved in the LSMMG response.
BUD5 modulates the activity of a small GTPase, Cdc42, and plays an important role in the establishment of cell polarity during budding (27) . BUD5 expression increased fourfold relative to the control during exponential growth in LSMMG (Table 2) . Ectopic overexpression of BUD5 in yeast also results in a random budding pattern (27) . Deletion of BUD5 stops pseudohyphal development in diploid yeast cells (32) , perhaps due to the lack of the polarized division required for cell filamentation.
In addition to a random budding phenotype, cells grown in LSMMG were also more likely to be found in aggregates containing five or more cells (Fig. 3B) . These multicellular aggregates were metabolically active live cells (not shown) with normal chitin distributions (not shown). We observed the clumps only in experimental samples prior to 3.7% formaldehyde fixation, which reduces the number of cells per aggregate to 3 to 4 ( Fig. 4A and B) . This phenotypic change in S. cerevisiae has not been reported previously (56) , perhaps due to the limitations associated with spaceflight experiments in which the extensive use of fixatives is required and longer incubation times occur than are necessary for ground-based analyses.
Most cell clumping phenotypes in yeast result from defects in the mother-daughter cell separation process due to mutations in enzymes such as chitinases and glucanases (4, 15, 18, 54) . We found no statistical difference in the number of cells linked through chitin when the LSMMG and control cell populations were compared, suggesting that normal chitinase activity occurred in the experimental cells. Thus, we followed the expression levels of the genes that are involved in the production of glucanases that function at the mother-daughter cell juncture (15) .
We found significantly reduced expression of three of the four genes tested (EGT2, DSE1, and DSE2) ( Table 2 ). DSE2 has a stress response promoter element motif for the binding of Msn2/4p transcriptional activators (52) that are responsive to various environmental stresses (48, 53) including LSMMG (22) . DSE1, DSE2, and EGT2 are all part of a daughterspecific expression program (15) and are dependent on the fidelity of the cell polarization process (2, 12) . Thus, the LSMMG-induced defect in cell polarity could be the underlying mechanism for both the random bud scarring and the formation of the large cellular aggregates we observed. Polarization is a fundamental property of living cells and occurs in both yeast and higher eukaryotes, where it is mediated via highly conserved signaling pathways such as those regulated by Cdc42 (12, 23, 47) . Cell functions involving Cdc42, or its homologs, include morphogenesis (7, 58) and virulence (31, 55) in the opportunistic pathogen Candida albicans (30) ; efficiency and fidelity of the immune response in mammals (9) ; and cell fate in embryonic (6) and neuronal (38) development. Thus, we speculate that two recurring problems encountered in space flight, i.e., a weakened immune response in astronauts (50) and enhanced virulence of microbial pathogens (41), may be linked through LSMMG-induced effects on a common, evolutionary conserved pathway such as cell polarization.
